Highly reactive methanesulfonates (mesylates, ROMs) have been prepared from 1-phenylethanol. cyclohex-2-en-1-ol, diphenylmethanol and p-methoxybenzyl alcohol by treatment with methanesulfonyl chloride and triethylamine in dichloro-or trichloro-methane at -20 to 0 °C. The mesylates. characterised in solution by 1 H and 13 C NMR at -20 °C, were obtained in satisfactory purity (ca. 95%) in cold solutions but they decomposed by reaction with chloride, triethylamine or the parent alcohol. Rate constants for solvolyses in aqueous acetone and aqueous ethanol have been determined by a fast response conductimetric method. Product selectivities for solvolyses of pmethoxybenzyl mesylate in aqueous ethanol and methanol at 0 °C have been determined by HPLC. From additional new or Iiterature kinetic data for solvolyses of corresponding bromides. chlorides and p-nitrobenzoates (OPNB). Br/CI. OMs/Br and OMs/OPNB rate ratios were calculated; the results are consistent with electronic effects stabilising the carbocationic transition states and increasing OMs/Br rate ratios for these SN 1 solvolyses; none of the evidence supports a geminal electronic effect on Br/CI rate ratios (e.g. caused by stabilisation of the initial state in pmethoxybenzyl chloride). Steric effects on ester /halide rate ratios for solvolyses of tertiary substrates are confirmed. Relative rates over a 10 16 range for ester and halide leaving groups are evaluated for solvolyses of 1-phenylethyl substrates in 80% ethanol-water. updating previous work by Noyce et al. (1972) .
An alternative procedure for the synthesis ofmethanesulfonates (mesylates) is to treat an alcohol with methanesulfonyl chloride and triethylamine. 8 • 9 An alcohol is usually a more accessible and reliable starting material than a halide, particularly as is often the case, rearrangements or loss of stereochemical configuration are possible: e.g. for trimethylsilyl-2-norbomyl2 and tricyclo[3.l.O.O 2 · 6 ]hex-3-yl derivatives. 4 An important advantage of mesylates over tosylates is their more rapid rates of dissolution in solvolytic media, which greatly facilitates kinetic studies in aqueous media. We now report the first NMR characterisation of pmethoxybenzyl I and cyclohex-2-en-1-yl 2 mesylates, and their solvolysis rate constants. Kinetic data are also reported for solvolyses of diphenylmethyl 3, and I -phenylethyl 4 mesylates. By comparing these data with rate constants for solvolyses of corresponding halides, predictions are made about the scope of the synthetic method for these highly reactive mesylates. A vailable Iiterature on Ieaving group effects on solvolyses is extended with additional mesylate/p-nitrobenzoate and mesylate/bromide rate ratios, and their relevance to our understanding of geminal electronic effects on SN 1 reactivity will be discussed. Solvolyses of 1-phenylethyl substrates provide the most comprehensive scale of Jeaving group effects in SNl reactions, 10 and we are now better able to define the relative 6.7
• Detennined conductimetrically at least in duplicate; errors shown are average deviations.
• So1vents are% vfv organic solvent-water. < Additional rate constants for solvolyses of 3-bromocyclohexene 5 are given in Table 5 .
In the rapid-injection kinetic method. a cold, dilute solution of the mesylate is injected into a rapidly-stirred thennostatted solvolysis solvent, and the progress of reaction is monitored by conductimetric methods. In favourable cases, about half of the total increase in conductance occurs during the mixing time (ca. 0.5 s), because some solvolysis occurs and triethylammonium chloride (a coproduct in the synthesis) and alkyltriethylammonium salts (from reaction of the mesylates with triethylamine) are present. Occurrence of these reactions (summarised in Scheme 1) has been deduced from the spectroscopic and Chromatographie evidence given in the Experimental section.
Rate constants (Tables 1-4) were obtained from the changes in conductance after the mixing time. A small batch ofmesylate, prep~red from alcohol, methanesulfonyl chloride and triethylamine in dichloromethane, may be used in aliquots for several Neither mesylates 1 and l, nor the corresponding tosylates, have been investigated previously by reliable kinetic methods. Solvolyses of p-methoxybenzyl tosylat~ are of considerable interest because the methoxy substituent lies at the extremity of a curved Harnmett plot.
12 Our estimated rate constant of 5.1 x I0-1 s-1 in 800/o acetone at 25 °C (see Table l , footnote e) is in fair agreement with a previous less direct estimate of 8.
Cyclohex-2-en-1-yl mesylate l was investigated independ-entJy by three of us. Measurements in ethanol at 25 °C were relatively straightforward, but the reproducibility of data for 80% ethanol-water at 0 °C was disappointing; the data in Table 2 are the most consistent set. Although the initial synthesis of the mesylates (Scheme I) is a clean and rapid process, a study of solvolysis products is complicated by the presence of competing nucleophiles (chloride and triethylamine as weil as traces of water). Complications arising from the formation of both elimination and substitution products were avoided by restricting product studies to two substrates for which elimination was impossible. Substitution products of solvolyses of a mesylate (ROMs) in ethanol-water are the ether (ROEt) and the alcohol (ROH).
Product ratios and product selectivities [S, defined by eqn. (l)] for solvolyses of p-methoxybenzyl mesylate are given in Table 6 . The product of ethanolysis of diphenylmethyl mesylate was shown to be the expected ethyl ether.
Mechanisms of Solvolyses.-Substrates l--4 are activated towards SN 1 reactions by the substituents capab1e of stabilising positive charge. Even solvolyses of the much less reactive chlorides (see below), are believed to be SN1 in character, supported by the observation of common ion rate depression: e.g. p-methoxybenzyl chloride shows common ion rate depression in 50% vfv triftuoroethanol-water,
13
• and chlorodiphenylmethane shows common ion rate depression in 80% acetone-water.
13 b The 1-phenylethyl cation is unselective in competition between azide and water, consistent with an extremely short-lived cationic intermediate. 13 c
Our rate data support the above interpretation. Logarithms of rate constants in any solvent (k) relative to rate constants in 80% ethanol-water (k 0 ) can be plotted against Yvalues defined by log (k/k 0 ) for an appropriate model compound [eqn. (2) ].
The high slopes ofthe correlations (Table 7) are consistent with a large amount of positive charge developed in the transition The results (Table 7) show significant negative intercepts for solvoJyses in acetone-water mixtures, as would be expected by analogy with previous work on solvolyses of chlorides.
14 Selectivity values [S, eqn. (1)] for so1volyses of p-methoxybenzyl mesylate 1 in 60--90% ethanol-water are very similar to those for solvolyses of p-methoxybenzyl chloride (Table 6) , 1 sa as expected for SN I reactions via free cations with minimal involvement of the leaving group in the product-determining step. The scope of the results is limited because of mixing problems, particularly in methanol-water mixtures where high S values were observed (Table 6 ). Wehave previously found that for very rapid reactions in more aqueous media, erroneously high S values may be obtained. 1 56 Higher S values were obtained when cold solutions of mesylate in dichloromethane were injected instead of acetonitrile solutions. Presumably dichloromethane disperses more slowly than acetonitrile and most of the reaction may take place in a microphase comprising mainly dichloromethane and ethanol.
Leaving Group Effects.-The new solvolysis ratedata (Tables  1-5) can be compared with previously published data to expand knowledge of leaving group effects. Mesylatejbromide rate ratios (Table 8) show a relatively low value of 112 for solvolyses of 2-adamantyl derivatives in highly aqueous media at 75 °C. However, in ethanol (a solvent of lower ionizing power) this ratio would be at least three-fold greater because m values for bromides are over 0.1 higher than for mesy1ates and tosylates (comparing solvolyses of different substrates on one Y scale). 1 1a· 1 7 Also, the effect of a lower temperature would be to increase the OMs/Br rate ratio because activation energies for solvolyses of bromides are likely to be greater than for solvolyses of the corresponding, more reactive, tosylates.
The above estimates indicate that a OMs/Br rate ratio for solvolyses of 2-adamantyl substrates in ethanol at 25 oc may be within the range (600--1600, Table 8 ) observed for the other SN I ethano1yses of primary and secondary substrates (Table 8) .
A previously reported 18 OMs/Br ratio of 231 for soJvolyses of 2-adamantyl substrates in 80% ethanol at 25 oc may be too low because the bromide data were extrapolated from data at over 100 °C; because precise Arrhenius plots are curved, linear extrapolations give high estimates. 3 • 19 There is a small solvent dependence of OMs/Br rate ratios, even for solvents of similar ionizing power, as shown by the decrease from 1050 in ethanol to 440 in 90% acetone-water for solvolyses of 2 (data from Tables 2 and 5 ).
The main factor inftuencing OMs/Br and OTsfBr rate ratios • Data for cyclohex-2-en-1-y1 mesylate from Table 2 . J Data for 3-bromocyclohexene from Table 5 .
• Data for 1-phenylethyl mesylate from • Values in parentheses are probably less reliable because they include an extrapolation of rate constants over more than a 50 °C range of temperature.
"In 70% acetone-water; mesylate data from appears tobe electronic efTect(s) on the stability ofthe transition state, as proposed by HofTmann.
6 High ratios (600-1600) in ethanol at 25 °C appear tobe indicative of a high degree of charge separation between the carbon and the leaving group in the transition state, with a low degree ofbond-making to the carbon by an incoming group. 66 Suchcharge development in the leaving group does not appear to be transmitted strongly to substituents in the aromatic ring of arenesulfonates because p values are in the range 1.3 to 1.9 for both SN I and SN2 solvolyses. 20 Higher OMs/Br rate ratios (ca. I 0 4 ) for the tertiary substrates (I -adamantyl and tert-butyl) are consistent with a steric acceleration of mesylate solvolyses due to the unavoidable interactions between the ß-hydrogens and the oxygen atoms of the sulfonyl group. 18 Even higher OTs/Br ratios were observed for solvolyses of more bindered substrates: 9 x I 0 4 for bistriftuoromethyl derivative 6 21 a and 1.6 x 10 6 for 7. 21 " The Fstrain efTects in solvolyses of halides and sulfonate esters have recently been investigated; :Zla earlier work revealed small but detectable F-strain efTects in solvolyses of tertiary halides.
2b
OMs/OPNB rate ratios (Table 9) are very large (ca. 3 x 10 9 at 25 °C) but, remarkably, vary only three-fold (almost within experimental error) for the above three secondary substrates and the tertiary 1-adamantyl system. It appears that the steric requirements of the carboxylic and sulfonate esters are very similar.
Bromide/chloride rate ratios (Table 10) are slightly higher for solvolyses of tertiary substrates, and solvolyses of p-methoxybenzyl halides give the lowest Br/CI rate ratio; the latter is not consistent with geminal electronic efTects. Geminal efTects have been clearly shown to stabilise the initial state of the reactant when two electronegative substituents are attached directly to the reaction site (e.g. YCH 2 X), 256 and such efTects cause greater stabilisation of the initial states in the order: first row element > second row element etc. 26 lf solvolyses of pmethoxybenzyl chloride were subject to geminal efTects due to an interaction between the p-methoxyphenyl substituent and the halide leaving group, as considered (not proposed) recently, lS. a high Br/CI rate ratio would be expected. Also, the OMs/Br rate ratio of 1600 is the highest of those shown in Table 8 for primary and secondary substrates, whereas a low value would be expected if geminal efTects stabilised the initial state in the order OMs > Br. Hence. our data indicate that the phenyl ring efTectively insulates the p-methoxy-substitutent from the geminal electronic interactions special cases,
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;3 so one possible explanation of the low Br/CI rate ratio for solvolyses of the primary substrate p-methoxybenzyl chloride is F-strain increasing the Br/CI rate ratios for solvolyses of the secondary and tertiary bromides.
The relatively consistent results for leaving group effects in unhindered substrates are in marked contrast to the recent dire wamings about deducing carbocation stabilities from solvolysis rate constants. lscr.2Sb It appears that rates of acid catalysed OH exchange in alcohols and of solvolyses of fl.uorides may be strongly susceptible to geminal effects stabilising the initial states, 25 " leading to anomalously low solvolytic reactivities. However, these systems are atypical sources of solvolytic data, and solvolyses of mesylates and p·nitrobenzoates (both having an oxygen atom as the first row element attached to the reaction site) give remarkably consistent leaving group effects ( Table 9) .
Solvolyses of 1-phenylethyl substrates in 80%.ethanol-water at 75 °C provide themostextensive data set available for leaving group effects on SNI reactions, 10 although such a wide range (over 10 16 in rate) cannot be determined directly. Our value for solvolysis of 1-phenylethyl mesylate in 80% ethanol-water at 75 °C (Table 4 ) differs five-fold from the previous estimate, 10 and provides a revised anchor point from which new values for sulfonates can be calculated (Table II ) ; additional and revised values for carboxylates arealso given in Table II .
Reliability and Scope of the Synthesis of Unstable Mesyl·
ates.-Comparing rate data for chlorides (Table 10 ) with data for corresponding mesylates (Tables 1-4 ), the relative rates differ by over 10 4 • Consequently, although chlorides may be formed in low yields during the synthesis and/or manipulation ofthe unstable mesylates (e.g. for diphenylmethyl and cyclohex-2-en-1-yl mesylates-see Experimental section), the accuracy of the first order solvolysis rate constants for the mesylates (Tables .l-4) would not be significantly affected by a concurrent solvolysis even of large amounts of chloride impurities (only small amounts are likely to be present).
The scope for the synthesis of unstable mesylates can be predicted from the solvolysis rate constants for the corresponding chlorides, data for many of which are available in the literature. Kinetic data for over 300 solvolyses of chlorides and bromides under diverse reaction conditions have recently been interpolated or extrapolated to standard conditions-solvolysis of chlorides in pure ethanol at 25 °C.
28 Solvolysis rate constants under these conditions (Table 10) show the reactivities of chloride substrates for which unstable mesylates can be synthesised and characterised in cooled solutions; i.e. primary and secondary alcohols, whose chloride derivatives have k ~ 5 X w-5 s-1 (Table 10) , probably can be derivatised as unstable mesylates. Assuming that OMs/Cl rate ratios for tertiary substrates are ten-fold higher than for secondary substrates (see above), it should be possible to convert a tertiary alcohol to an unstable mesylate if ethanolysis of the corre· sponding chloride at 25 °C had k < 5 X I o-6 s-l. 1-Phenylethyl mesylate 4, the least. reactive mesylate described in this work, is reported 8 tobe a highly reactive liquid which decomposes violently at room temperature. Hence, isolation of these mesylates should be attempted with appropriate caution. Nevertheless, unstable mesylates may be useful reactive intermediates in syntheses, because cold solutions can be prepared economically (avoiding the expense of silver salts).
1 For nucleophilic displacements, it would be necessary to. minimise competition from chloride ion or from triethylamine by adding an excess of the desired nucleophile and/or by precipitating the triethylamine hydrochloride salt.
Conclusions
Mesylates can be prepared cleanly and rapidly by treatment of methanesulfonyl chloride and triethylamine with alcohols in chlorinated solvents at low temperatures (0 to -20 °C), and can be characterised by NMR. Decomposition of mesylates under these conditions Ieads to chlorides, ethers and tetraalkylammonium salts, but reactions with an excess of added nucleophiles may be of synthetic value.
Microlitre volumes of cold solutions of mesylates in acetonitrile can be injected rapidly into solvolytic media to obtain rate and product data. The results have provided: (i) a revised scale of leaving group effects for SN 1 reactions,. based on solvolyses of 1-phenylethyl substrates in 80% ethanol-water at 75 °C (Table 11) ; (ii) further evidence that mesylate/p-nitrobenzoate rate ratios are remarkably independent of the substrate; (iii) further evidence for both ground state steric and transition state electronic effects on OMs/Br rate ratios; (iv) evidence from Br/0 rate ratios that geminal electronic effects (stabilising ground states), as considered very recently, 25 do not appear to infl.uence relative rates of solvolyses of p-methoxybenzyl chloride, and also there are no detectable geminal electronic effects for solvolyses of the corresponding broniide, mesylate or p-nitrobenzoate.
Experimental
Materials. -Cyclohex-2-en-1-ol was prepared from 3-bromocyclohexene (Lancaster) by hydrolysis with aqueous sodium carbonate at 25 °C. Diphenylmethanol, 1-phenylethanol and.p· methoxybenzyl alcohol were commercial samples. Methanesulfonyl chloride was distilled under reduced pressure, and triethylamine and dichloromethane were also distilled before use. Acetonitrile was an HPLC grade stored over molecular sieves. Solvents for kinetics and for chromatography were as described previously. Altematively NMR spectra could be obtained in deuteriocbloroform above 0 oc by first synthesising tbe mesylates at -20 or -10 °C in dichlorometbane. Most of the trietbylammoniurn salts were separated using a cotton wool p1ug, and tbe dicblorometbane was evaporated at low temperatures before cold deuteriochloroforrn was added. Tbe NMR tubewas kept at 0 °C for a few min before tbe 1 H NMR spectrum was obtained using a Perkin-Eimer R24B spectrometer with the probe at ambient temperature. lt appears tbat p-metboxybenzy1 mesylate 1 is more vulnerable to attack · by triethylamine {probably SN2) than the otber mesylates studied.
29

NMR Characterisation of Unstable
Kinetic Method for Unstab/e Mesylates.-Mesylates were synthesised on a ca. 10 mg scale at -I 0 or -20 °C in dichlorometbane, as described above except tbat a nitrogen atmosphere was not used. All operations involving solutions containing the mesylate were carried out using cooled, insulated 2537 syringes or dropping pipettes. After most of tbe precipitated salt bad been rernoved and the dichlorometbane bad been evaporated, the mesylate was dissolved in cold acetonitrile at -20 °C. Under tbese conditions, solutions of p-methoxybenzyl mesylate 1 suitable for tbe kinetic work could be stored for over I b. A small volume oftbe mesylate solution (10-40 mm 3 ) was then injected into tbe turbo-stirred conductivity cell as described recently elsewbere.
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Chromatographie Analysis of Products.-Cold solutions of mesylates were syntbesised as described above, and cbromatographic conditions for each substrate were as described recently.
1541 When, after I min at -10 °C, an aliquot of tbe dicblorornetbane solution used to prepare dipbenylmetbyl mesylate 3 was injected into ethanol, HPLC showed complete consumption of alcohol and formation of the corresponding ethyl etber. tsa When another aliquot was injected after 40 min at -10 °C, the HPLC analysis showed mainly tbe etbyl etber but traces of dipbenylmethanol and of cbloro(diphenyl)metbane were also detected.
Salutions of p-methoxybenzyl mesylate 1 in dicblorometbane at -20 °C were obtained and were analysed similarly by quenching in ethanol. After a 5 min reaction time followed by tbe quencbing of an aliquot, HPLC sbowed ca. lO% uncbanged alcobol whicb was reduced to < 3% after a 20 min reaction time. However, after tbe transfer to acetonitrile, the percentage of pmethoxybenzyl a1cobol increased witb time; presumably traces of water were solvolysing tbe mesylate. An alternative possibility would be to store tbe mesylate in cold pentane, before evaporating tbe pentane and adding cold acetonitrile. HPLC analysis_ of tbe precipitated salt sbowed a peak at short retention time consistent with tbe presence of p-methoxybenzyltriethylamrnonium cbloride.
For eacb measurement of product ratios in etbanol-water mixtures, accurate mrn 3 volumes of solutions of tbe mesylate in cold acetonitrile were injected (in duplicate) into both pure etbanol and into one of tbe aqueous etbanol mixtures using tbe turbostirrer described recently.
15 .. • 29 The pH of tbe soJution was ca. 3 and HPLC analyses were carried out with rninimum delay (product ratios cbanged if quencbed solutions were left at 0 °C for several bours); tbe integrated area corresponding to p-metboxybenzyl alcobol in tbe ethanol quench was subtracted (if necessary) from tbe area observed for tbe etbanol-water quench to give tbe correct amount of p-methoxybenzyl alcohol formed by solvolysis oftbe mesylate in ethanol-water.
